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I. Introduction 
Many motile species of bacteria when confronted 
with a stimulus gradient, e.g., light, chemical, respond 
by moving towards (positive taxis) or away from 
(negative taxis) the source of the stimulus. Flagellate 
bacteria achieve this by controlling the direction of 
rotation of their flagella, anticlockwise rotation 
results in smooth sw~ming and occasional clockwise 
rotation results in tumbling in peritrichously flagellate 
bacteria or reversal in polar flagellate bacteria, in 
both cases this often results in a change of direction 
when smooth sw~ming is resumed (reviewed in [ 1,2]). 
It appears that when presented with a spatial gradient 
of either a positive or negative stimulus bacteria 
respond by longer periods of anticlockwise flagella 
rotation, therefore smooth swimming, resulting in net 
movement up a positive gradient or down a negative 
gradient. A sudden increase in a temporal gradient 
has been reported to give a slightly different result, if 
the stimulus is a repellent, a sudden increase in con- 
centration results in rapid tumbling or reversal, where- 
as an attractant again produces a prolonged period of 
smooth swimming. It is thought that a sudden change 
of gradient, with the possible exception of a temporal 
repellent, always results in a period of tumbling sup- 
pression. 
When the stimulus is chemical, the gradient is 
sensed by the binding of the chemotactic compound 
to specific receptors, usually bound to the inner mem- 
brane. The information about the number of receptors 
bound, and therefore the gradient, is transmitted to 
the flagella by a little understood process which seems 
to involve methylation of specific chemotaxis proteins 
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(methyl-accepting chemotaxis proteins) in the cell 
envelope. These may be involved in both the transfer 
and interpretation of the signals, possibly by con- 
trolling specific ion gates [2]. 
Earlier studies have indicated that a change in the 
membrane potential may be part of the signal [3], 
suggesting a sensory system similar to the binding and 
transmission of signals in higher organisms. All 
previous work, however, used techniques which were 
slow, indirect and destructive to measure any changes 
in potential. 
The membrane-bound carotenoids of photosynthe- 
tic bacteria are well characterised, natural indicators 
of the potential difference across the membrane, 
changes in membrane potential resulting in an electro- 
chromic absorption shift [4]. We have recently shown 
that the photosynthetic bacterium~h~dopse~do~on~s 
sphaeroides responds chemotactically to gradients of 
some compounds even when grown phototrophically 
[S]. Using the carotenoid absorption shift of Rps. 
sphaeroides we have now investigated changes in 
membrane potential of living cells in physiological 
conditions when exposed to a temporal chemotactic 
stimulus. 
2. Materials and methods 
2.1 . Organism 
Rhodopseudomonas sphaeroides wild-type,2.4.1 
was used throughout this study. We have already 
shown that this strain exhibits both positive and 
negative chemotaxis [5]. 
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2 2 Growth condltlons arzd euperlmerztal media 
Cells were grown anaerobicdlly m the hght m batch 
culture to late exponential phase, as described 
previously, but wlthout acetate m the medmm [5] 
After centnfugatlon the cells were resuspended m 
5 mM oxygen-free potassmm phosphate huffel 
(pH 7 0) to 1 O9 cell/ml 
Compounds to be tested for then dbIhty to elicit 
a chdnge m membrane potentId were dissolved at 
0 5 M m the same buffer and the pH readjusted If 
necessary All solutions were kept anaeroblc by 
bubblmg with oxygen-free nitrogen 
2 3 Measurement oj caroterzold shaft 
Spectrophotometer measurements of the carotenold 
absorption were carried out using an Ammco DW? 
spectrophotometer m dual wavelength mode, using 
the difference A 510-A sz3. which gave the maxmmm 
response m this species 
Measurement of response tunes was mdde usmg 
the spectrophotometer m kmetlc mode and a Nlcolet 
102OA digital oscilloscope The overall response time 
of the instrument system was <200 /.s 
Chemotactlc solutions, usually 10 ~1, were added 
to 3 ml cell suspension at 30°C m an anaeroblc top 
stirred cell The mixmg time of the system, examined 
by dye addltlon, was <lOO ms (fl/ -50 ms) The 
response of the experimental system was therefore 
limited by the mlxmg tune _ 
3 Results and discussion 
The hght or chemically-induced shift m the absorp- 
tion spectrum of the carotenolds of some bacteria 
was shown [4] to be linearly related to a change m 
membrane potential, and to be sensltlve to compounds 
which directly affect the membrane potential, e g , 
m-chlorocarbonylcyamde phenyl hydrazone (CCCP), 
valmomycm 
Figure 1 shows that our system responded m a 
smllar manner. lllummatlon with actmlc light resulted 
m a large shift m carotenold adsorptlon, presumably 
caused by the pumpmg of protons across the mem- 
brane during photosynthesls The response time of 
the mstrumentatlon meant that only the slow phase 
of the carotenold shift was resolved but this had 
similar kinetic properties to those previously described 
(% -55 ms) 
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Fig 1 Light-mduced membrane potential change of Rps 
sphaerozdes (3) IncreAse m membrane potential as measured 
by carotenold absorption shift (4 5,,-A,,,) on illumindtlon 
with actuuc hght (780 nm) before and after addltlon of 
10.’ M CCCP L-aspartdte (1 6 mM) was added (t asp) 
after reduction of the membrane potential (b) Kmetlcs of 
the hght mduced membrane potential change (detaded m 
sectlon 2) 
Addltlon of uncouplmg concentrations of CCCP 
caused a rapid fall m membrane potential and, as 
previously described, the slow phase of the hght 
Induced carotenold shift was considerably reduced 
To mvestlgate the effect of chemotactlc agents on 
the membrane potential of Rps sphaeroldes we have 
used compounds which we had shown to be chemo- 
tactic, and which were simple and non-toxic We used 
both sugars and ammo acids as they have been shown 
m other Gram-negative systems, e g , Escher&la cob, 
to possibly use different types of bmdmgprotems [2] 
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Fig.2. Increase in membrane potential on addition of chemo- 
attractants. Repeated additions of (a) L-alanine and 
(b) D-galactose (5 1.6 mM; 1 0.8 mM). (c) Kinetics of the 
membrane potential change on addition of 1.6 mM L-alanine. 
Figures 2 an d 3 show that there was an increase of 
membrane potential, as shown by the absorption 
change due to the carotenoid shift, when either a 
positive or negative chemotactic compound was 
added to the cells. The direction of the shift was the 
same for both positive and negative compounds but 
the size and extent of the response depended on the 
compound and the amount added. 
The system used here had a faster response time 
than those previously used but the results in general 
resemble those in [3]. Kinetic studies of the response 
times when either attractants or repellents were 
added showed a 3-phase response (fig2c,3c). There 
was an initial fast rise in membrane potential (fs -75-- 
100 ms) followed by a fast decay in potential 
Fig.3. Increase in membrane potential on addition of chemo- 
repellents. Repeated additions of (a) L-leucine and (b) acetate 
($ 1.6 mM; f 0.8 mM) with controls: buffer (t I) (10 ~1); 
(t II), indole (1.6 mM). (c) Kinetics of potential change on 
addition of 1.6 mM L-leucine. 
(% -300 ms) and then a slower decay phase return- 
ing to a steady membrane potential over 1.5-2 min, 
dependent on the size of the initial response and the 
compound used, probably caused by uptake and 
metabolism of the test compound. The rise time of 
the membrane potential change is only a little slower 
than the response time of the experimental system. 
We cannot exclude the possibility that more rapid 
transient changes occur. 
Control experiments (fig.3), involving the addition 
of a non-chemotactic compound, indole or buffer 
alone, resulted in no absorption change. There was 
also no significant change in carotenoid adsorption if 
a chemotactic compound was added to the cells after 
the release of the membrane potential by CCCP (fig.1). 
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Repeated rapid addition of an attractant m an 
attempt to saturate the receptor sites, and thus remove 
the ‘gradient’ from the sensory system resulted in a 
reduction of the size of the carotenold shift (fig 2a,b) 
This reduction occurred when a concentration of 
attractant of the same order of magmtude as that 
already established as being near to saturation had 
been reached, about 10m3 M for L-alamne However 
the membrane potential increase was not completely 
abolished, perhaps reflecting uptake and metabohsm 
of the compounds 
The results presented here show that the addition 
of a chemotactlc compound to Rps sphaerozdes 
caused an increase m membrane potential as mdlcated 
by the shift m carotenold absorbance, m agreement 
with the fluorescence work [4] with E co11 The 
mablllty of another group to find a change m mem- 
brane potential using Gram-positive bacteria [6] 
suggests that either this part of the chemotactlc signal 
IS lacking m Gram-positive bacteria or occurs as a 
very fast transient, outside the range of their slow 
measuring system There 1s some evidence that the 
flagella motor of Gram-pontlve and -negative bacteria 
IS not Identical, and this early potential increase may 
involve the drlvmg motor Unfortunately there are no 
mot&y or chemotaus mutants ofRps sphaeruzdes It 
1s therefore not possible to establish at which stage of 
the chemotaxls sensing system the Increase m mem- 
brane potential occurs We cannot exclude transients, 
occurring faster than the response time of our system 
Previous results have mdlcated that an increase m 
membrane potential may suppress tumblmg durmg 
phototaxis [7]. We suggest hat the mcrease m mem- 
brane potential reported here, which occurs when 
either an dttractant or repellent IS added to Rps 
sphaerozdes may be involved m the brief early period 
of prolonged smooth swimming when the chemo- 
receptors are bound This 1s almost certainly not the 
signal ldentlfymg the type of chemotactlc stimulus 
and an alternative slgnallmg system must exist to 
separate a posltlve from a negative chemotactlc com- 
pound 
We conclude that when Rps sphaemdes encounters 
either a temporal or spatial gradient or either an 
attractant or repellent there 1s an increase m mem- 
brane potential causing a brief period of smooth 
swunmmg It 1s probably only then that the type of 
chemotactlc agent 1s dlstmgulshed and a second 
slgnallmg system mvolvmg tumble generatlon activated 
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